We use recent measurements of the dimensionless coordinate distances from Fanaroff-Riley Type IIb radio galaxies and the X-ray gas mass fractions in clusters to constrain the parameters of a non-standard cosmological model. This work complements our recent analysis of the SN Ia data within a non-Riemannian cosmological model. We use two independent data sets to constrain the new density parameter Ω ψ , which is related to the non-Riemannian structure of the underlying spacetime and supplements the field equations that are very similar to the usual Friedmann equations of general relativity. Thereby we place an upper limit on the presence of non-Riemannian quantities in the late stages of the universe. The numerical results of this work also apply to several anisotropic cosmological models which, on the level of the field equations, exhibit a similar scaling behavior of the density parameters like our non-Riemannian model.
Introduction
From an observational standpoint, cosmology seems to be in a rather good shape. With several independent cosmological tests at hand the so-called standard model of cosmology (Kolb & Turner 1990; Padmanabhan 2002 ) has emerged and passed most of these tests. Today cosmology is based on observations related to the global expansion of the universe, the cosmic microwave background, primordial nucleosynthesis, and the formation of structure in the universe. From a theoretical standpoint the standard cosmological model relies on the theory of general relativity or, to be more precise, on a homogeneous and isotropic model, the so-called FLRW model (named after Friedmann, Lemaître, Robertson, and Walker). While one of the main benefits of the FLRW model is given by its simplicity, recent observations of type Ia supernovae (Hamuy et al. 1996; Perlmutter et al. 1997 Perlmutter et al. , 1999 Garnavich et al. 1998; Schmidt et al. 1998; Riess et al. 1998 Riess et al. , 2001 Barris et al. 2003; Tonry et al. 2003) made clear that we know little about the dominating energy density component of the universe, which enters the general relativistic description in the form of a cosmological constant and is nowadays termed dark energy. Several mechanisms have been proposed during the last years in order to remove the need for the usual cosmological constant. Among them are evolving scalar fields (Ratra & Peebles 1988; Wetterich 1988 ), a time varying cosmological "constant" (Özer & Taha 1987; Vishwakarma 2001) , k-essence (Chiba et al. 2000; Armendariz-Picon et al. 2000) , a phantom energy (Caldwell 2002) , the Chaplygin gas (Barrow 1990; Hassaïne et al. 2001; Fabris et al. 2002; Kamenshchik et al. 2001; Dev et al. 2002; Bilić et al. 2002; González-Díaz 2002; Bento et al. 2002) , a modification of the FLRW equation termed "Cardassian expansion" (Freese & Lewis 2002; Zhu & Fujimoto 2002 , and the embedding of our universe in a higher dimensional bulk spacetime (Randall & Sundrum 1999a,b; Deffayet et al. 1999 ).
In Puetzfeld & Chen (2004) we constrained the parameters of a non-standard cosmological model with the help of recent SN Ia data sets of Wang (2000b) and Tonry et al. (2003) . The model investigated therein is based on a non-Riemannian spacetime, the so-called Weyl-Cartan spacetime, and was analyzed by several groups during the last few years (Puetzfeld & Chen 2004; Puetzfeld 2002a,b; Obukhov et al. 1997; Babuorova & Frolov 2003) . For an overview of the developments in non-Riemannian cosmology see Puetzfeld (2004) . Our main aim in Puetzfeld & Chen (2004) was to place an upper limit on the new density parameter Ω ψ using the latest SNe data. This parameter is linked to the presence of non-Riemannian field strengths which might play an important role with respect to the observed accelerated expansion of the universe. In this work we pin down the parameters of our model by means of the recently released FR IIb radio galaxy data set of Daly & Djorgovski (2003) and the data on X-ray gas mass fractions in clusters as provided in Allen et al. (2002 Allen et al. ( , 2003 Allen et al. ( , 2004 .
The reason to consider FR IIb radio galaxies as a distance measure is twofold. At the moment the redshift range covered by the SNe ranges up to z = 1.7 with only very few data points above z = 1 1 . The FR IIb radio galaxy data set of Daly & Djorgovski (2003) contains eight data points with z > 1 and thereby significantly enhances the available sample at high redshifts. Apart from the enhanced redshift range coverage the FR IIb radio galaxies provide an independent cosmological test since one deals with different objects. To clearly separate the parameter estimates from FR IIb galaxies and SN Ia we do not use a combined set in our fitting procedure. One of tasks in this paper is to determine if the cosmological parameters extracted from the FR IIb data set are compatible with the results from the SN Ia obtained in Puetzfeld & Chen (2004) . The same arguments, apart from the coverage of high redshifts, also hold for the X-ray gas mass fraction measurements in clusters (Allen et al. 2002 (Allen et al. , 2003 (Allen et al. , 2004 .
The plan of the paper is as follows. In section 2 we provide a short derivation of the distance redshift relations which are needed to perform the fits. Thereafter we introduce the different data sets in section 3 and briefly describe our fitting method. In section 4 we compare our findings with the results of Puetzfeld & Chen (2004) and draw our final conclusion. Readers who are not familiar with the model under consideration might want to consider Obukhov et al. (1997) ; Puetzfeld (2002a) ; Babuorova & Frolov (2003) , and Puetzfeld & Chen (2004) first. Appendix A of Puetzfeld & Chen (2004) contains a brief introduction to the field equations and geometrical quantities of metric-affine gravity (MAG) and to the so-called triplet ansatz of MAG. Readers who are not familiar with MAG might also want to consult Hehl et al. (1995) for a comprehensive review. Appendix A contains the two data sets of Daly & Djorgovski (2003) and Allen et al. (2004) that we use in our fitting procedure.
Basic model equations
Field equations By making a triplet ansatz for torsion and nonmetricity and by using the usual Robertson-Walker line element
the general field equations of the model considered in Puetzfeld & Chen (2004) reduced to the seṫ
Here a 0 and b 4 are the coupling constants from the Lagrangian in eq. (1) of Puetzfeld & Chen (2004) and ψ denotes an integration constant entering the solution for the Weyl 1-form Q which is given by 2
As one can easily see the field equations are the usual Friedmann equations, without a cosmological constant, with an additional contribution to the energy and pressure from the dilation current. The non-Riemannian quantities in this model, i.e. torsion and nonmetricity, die out as the universe expands.
On the level of the field equations this model proves to be compatible with the one proposed in Puetzfeld (2002a) if we make the choice a 6 = −a 4 for the coupling constants in the Lagrangian in equation (1) of Puetzfeld (2002a) . Additionally, one can show that also the model of Babuorova & Frolov (2003) yields the same set of field equations, if one performs the transformations listed in eq. (7) of Puetzfeld & Chen (2004) .
In the next section we outline the derivation of several distance notions within this model. In contrast to the original model in Obukhov et al. (1997) we explicitly allow for a cosmological constant, which corresponds to an additional term −λ/3 on the lhs of (2) and an extra −λ on the lhs of (3).
Distance relations By defining a new constant
we can rewrite (2) according to
Here we introduced the following density parameters
S 6 H 2 in the last step. We use the index w since we did not fix the underlying equation of state, p = wµ. It is interesting to note that the new density parameter Ω ψ redshifts with z 6 , a behavior which is also known from anisotropic models, e.g. see Kamionkowski & Turner (1990) ; Khalatnikov & Kamenshchik (2003) . Denoting present-day values of quantities by an index "0" we can rewrite the Hubble rate in terms of the density parameters and the redshift:
Hence the luminosity distance within this model becomes
With F [z] := H 0 /H and the function in front of the integral is given by
If we make use of the definition of the density parameter Ω k we end up with
We define the dimensionless coordinate distance y := d lum H 0 /(1 + z), which is now given by
The magnitude-redshift relation reads
In the case of a model with pressureless matter, radiation, and a contribution from the cosmological constant the dimensionless coordinate distance from equation (10) is explicitly given by
(1 +z)
We make use of relation (12) in the next section where we perform fits to the FR IIb data set of Daly & Djorgovski (2003) , see also Daly (1994) ; Guerra et al. (2000); Daly & Guerra (2002) and references therein.
Gas mass fraction In addition to the FR IIb radio galaxies we also make use of the X-ray gas mass fraction measurements in dynamically relaxed clusters. Originally this method was described in Sasaki (1996) and Pen (1997) . Recent measurements of the gas mass fraction were performed by Allen et al. (2002 Allen et al. ( , 2003 Allen et al. ( , 2004 . Following their work we can test a given cosmological model by using
(13) Here b is a bias factor motivated by gas dynamical simulations that takes account for the fact that the baryon fraction in clusters seems to be lower than for the universe as a whole, cf. Cen & Ostriker (1994) ; Eke et al. (1998); Bialek et al. (2001) and references therein. The parameter h stems from the parametrization H 0 = 100 h km s −1 Mpc −1 , and Ω b0 corresponds to the baryonic matter content of the universe in terms of the critical density. The angular diameter distance for the standard CDM model with Ω m0 = 1 is denoted by d CDM ang , it can be easily obtained by setting all other density parameters in (9) to zero. The prefactor 1 + 0.19 √ h stems from a conversion of the X-ray gas mass into the total baryonic mass, cf. Fukugita et al. (1998) .
Numerical results

Data sets
We have plotted the data set of Daly & Djorgovski (2003) consisting of the dimensionless distance parameter for 20 FR IIb radio galaxies in figure 1. To be as clear as possible we also listed the corresponding numerical values in the table 5 of the appendix. The combined data set from Allen et al. (2004) for the gas mass fraction of 26 clusters are displayed in figure 2 and table 6 of the appendix. In figure 2 we also display the 9 older data points from Allen et al. (2002 Allen et al. ( , 2003 . Note that in our fits we always make use of the newer data set which comprises 26 clusters.
Fitting method In order to determine the best-fit parameters from the data set of Daly & Djorgovski (2003) we minimize
where
, Ω r0 ) denotes the dimensionless coordinate distance from equation (12). Note that we do not use any priors in this relation.
For the gas mass fractions we use the fitting formula provided by Allen et al. (2004) , namely 
The numerical value for the baryonic density parameter Ω b0 h 2 = 0.0214 ± 0.002, which was determined by the D/H ratio toward Q1243+3047 (Kirkman et al. 2003) , is slightly lower than the WMAP result Ω b0 h 2 = 0.024±0.001 but in good agreement with the combined WMAP+ACBAR+ CBI+2dFGRS determination of Ω b0 h 2 = 0.0224 ± 0.0009 as given in Spergel et al. (2003) . In the prior for the Hubble constant we adopt the standard value h = 0.72 ± 0.08 from Freedman et al. (2001) . Note that some of the priors in equation (15) differ slightly from the ones used in earlier works of Allen et al. (2002 Allen et al. ( , 2003 Allen et al. ( , 2004 and Zhu et al. (2004) . In the following we perform fits with and without the priors in (15).
Fit results Our fit results for the FR IIb radio galaxies are summarized in table 1. There we provide the 1σ and 2σ confidence limits on the parameters of our model. Additionally, we worked out the 1σ, 2σ, and 3σ confidence contours in all parameter planes, they are displayed in figure 3.
The 1σ and 2σ fit results for the clusters are summarized in table 2. As practiced in case of the FR IIb galaxies we also worked out the 1σ, 2σ and 3σ confidence contours in all parameter planes, these are displayed in figure 4. The estimates in table 2 and figure 4 correspond to the case without the priors from equation (15). Since in this case the bias factor b and the Hubble constant h only appear as a prefactor in the expression for the gas mass fraction (13) we combined them in a new prefactor together with the baryonic and pressureless matter mass fractions
. With this definition the χ 2 in (15) depends on the following independent parameters (A, Ω m0 , Ω λ0 , Ω ψ0 , Ω r0 ). (2004) Best-fit without priors (X-ray data only) Best-fit without priors (FR IIb/X-ray data combined) Best-fit with priors (X-ray data only) Fig. 2. -Data set of the X-ray gas mass fractions in clusters of galaxies as given by Allen et al. (2002 Allen et al. ( , 2003 Allen et al. ( , 2004 . We always use the newer data set with 26 data points in our fit procedure, cf. table 6. The plots of f gas correspond to the best-fit parameters given in tables 2-4. In table 3 we list the 1σ and 2σ confidence intervals for a simultaneous fit to the FR IIb radio galaxies and X-ray gas mass fractions in clusters. Again we do not use any priors in our fitting procedure.
Finally, in table 4 we provide the 1σ and 2σ confidence intervals for a fit to the X-ray gas mass fractions with the priors from equation (15).
All of the fits without priors prefer a universe with a very low pressureless matter component (in contrast to what is assumed within the usual cosmological concordance model with Ω m0 ≈ 0.3). At the 2σ level the estimates for Ω m0 from FR IIb galaxies and the clusters nearly equal each other. The cluster data seem to prefer slightly higher values of the cosmological constant. A quick glance at figures 3 and 4 reveals that there is a sufficient overlap of the confidence contours in the different parameter planes. This result is reassuring since the two different methods considered here yield compatible estimates for the cosmological parameters.
The introduction of priors from HST, BBN, and cluster simulations leads to a shift of the preferred parameters to higher values of Ω m0 and Ω λ0 . The confidence limits on these two parameters are in complete agreement with the results of Allen et al. (2004) , if one takes into account that we perform fits with two additional cosmological parameters. This brings us to the main concern of this work, namely to constrain the new density parameter Ω ψ0 with the help of the FR IIb and X-ray cluster data. From all of our fits we can infer an upper limit on Ω ψ0 which cannot account for more than 10% of the critical density. This is a rather generous upper limit, in fact one expects that the present-day value of the new component is much closer to zero than inferred from the FR IIb and cluster data alone, the main reason for that is the ∼ z 6 scaling behaviour which leads to a too early domination at higher redshifts which are currently probed by the CMB and nucleosynthesis.
Conclusions
In this work we used recent data on FR IIb radio galaxies and X-ray gas mass fractions of relaxed clusters to constrain the parameters within an alternative cosmological model. We were able to place an upper limit on the new density parameter Ω ψ0 which controls the non-Riemannian features of the underlying cosmological model. figure 5 we plotted the deceleration parameter q versus the redshift for the best-fit parameters provided in tables 1-4, cf. also equation (17) in Puetzfeld & Chen (2004) . As becomes clear from the plot all of the models, except the old CDM model, support the notion that the universe is presently undergoing an accelerated phase of expansion.
Deceleration parameter & age In
In figure 6 we display the variation of the age of the universe for different values of the new density parameter Ω ψ0 , the rest of the parameters being fixed to their best-fit values, in comparison to the age estimates from globular clusters and nuclear cosmochronology, which range from 11 to Puetzfeld & Chen (2004) . By CDM we denote the model with Ω m0 = 1, and ΛCDM corresponds to the popular choice Ω m0 = 0.3, Ω λ0 = 0.7, all other parameters are set to zero.
15 Gyrs (Chaboyer et al. 1998; Truran et al. 2001 ). The comparison with the age estimates leads to a more stringent upper limit on Ω ψ0 , which then should not account for more than 1% of the critical density.
Comparison with the SNe Ia The parameter estimates within this work are compatible with the ones from supernovae of type Ia. The size and shape of the confidence regions in figure 3 and figure 4 resemble the ones given in Puetzfeld & Chen (2004) for the SN Ia data. The convergence of the parameter estimates from various astrophysical sources, i.e. supernovae, radio galaxies, and clusters, is very encouraging especially if one considers the different redshift ranges covered by these data sets.
Outlook In future work it would be interesting to make use of the recently released extended SN Ia data set of Riess et al. (2004) . This new data set contains now several SN Ia with redshifts z > 1.25, thereby covering a range which was formerly unexplored by SNe Ia, if one disregards SN1997ff, thereby allowing a direct comparison with the FR IIb results in that redshift range. Puetzfeld & Chen (2004) . For the best-fit sets from tables 1-3 we adopted the standard value h = 0.72. Note. -Data taken from Daly & Djorgovski (2003) . Table 6 . X-ray cluster data. 
